Gfer inhibits Jab1-mediated degradation of p27 kip1 to restrict proliferation of hematopoietic stem cells 
INTRODUCTION
Hematopoietic stem cells (HSCs) are a largely quiescent population of cells that possess the ability to rapidly proliferate, self-renew, and differentiate into progenitors, thus ensuring the constant renewal of the billions of short-lived immune cells of the peripheral blood. During steady-state homeostasis, ∼75% of long-term HSCs are in the G 0 phase of the cell cycle while the rest are asynchronously dividing, with the average cell-cycle doubling time being once in every 4-8 wk (Cheshier et al., 1999) . Another unique feature of HSCs is their ability to constantly switch between states of dormancy and activation, both during homeostasis and following periods of hematological stress (Wilson et al., 2008) . Whereas rapid proliferation in response to expansion cues and/or hematological stress is critical, abnormal HSC proliferation during homeostasis leads to compromised function (Cheng and Scadden, 2002; Kitsos et al., 2005; Viatour et al., 2008; Wilson et al., 2008) . Loss of quiescence often results in HSC exhaustion, underscoring the importance of tight regulation of proliferation by these cells (Orford and Scadden, 2008) . Although various signaling pathways and cell-cycle inhibitors have been shown to regulate the capacity of HSCs to proliferate (Cheng et al., 2000a (Cheng et al., , 2000b Park et al., 2003; Ito et al., 2004; Yilmaz et al., 2006; Miyamoto et al., 2007; Yalcin et al., 2008) , a comprehensive understanding of the mechanisms that execute the fundamental task of maintaining quiescence in these seminal cells is lacking.
Growth factor erv1-like (Gfer), the mammalian homologue of the yeast Erv1 protein, is a highly conserved FAD-dependent sulfhydryl oxidase . In yeast, erv1 has roles in cytoplasmic Fe-S cluster assembly, mitochondrial biogenesis, and, along with its bone marrow of host mice (Supplemental Figure 1A) . Flow cytometric analysis of peripheral blood from transplant recipients revealed that, whereas WT-U and WT-LacZ KLS cells reconstituted at similar rates, achieving an average of 45% donor chimerism by 3 wk and 90% by 15 wk after BM transplantation, KD of Gfer resulted in a significant reduction in reconstitution, with an average of 8-13% CD45.2 donor reconstitution during the 19-wk period (Figure 1, Ci and Cii) . Analysis of recipient bone marrow at the end of the 19-wk BM transplantation period revealed that an average of 2.3% of LacZ-KD CD45.2 + KLS cells and 0.2% of Gfer-KD CD45.2 + KLS cells (Supplemental Figure 1B ) remained in the recipient bone marrow, indicating that the fundamental defect of engraftment following KD of Gfer occurred in the KLS cells. To verify whether the remaining CD45.2 + Gfer-KD cells in transplant recipients represented "escapers" from KD, we isolated CD45.2 Lineage Negative cells from transplant recipients at week 15 and measured the levels of Gfer mRNA. As shown in Supplemental Figure 1C , Gfer mRNA was still expressed twofold lower in CD45.2 + Lineage Negative Gfer-KD than in LacZ-KD cells, indicating that the shRNA was still active in these cells. Collectively these data support a role for Gfer in the maintenance of HSC function in vivo.
Diminished Gfer in KLS cells triggers enhanced proliferation followed by exhaustion Down-regulation of Gfer in the ESCs triggers apoptosis accompanied by a loss of mitochondrial function (Todd et al., 2010a) . To understand whether KD of Gfer triggers apoptosis in KLS cells, we analyzed LacZ and Gfer-KD KLS cells (freshly resorted 72 h after virus infection) for annexin V/7-amino actinomycin D (7AAD) reactivity by flow cytometry. As indicated in Figure 2A , down-regulation of Gfer did not result in a significant loss of cell viability through apoptosis. We further examined the mitochondrial morphology in LacZ and Gfer-KD KLS cells by transmission electron microscopy (TEM). LacZ-KD KLS cells possessed an average of 6-10, round to oval, mitochondria with well-defined cristae. In contrast, whereas the majority of Gfer-KD mitochondria appeared swollen with intact overall morphology, the remaining mitochondria in these cells appeared to be in various stages of degeneration ( Figure 2B ). Down-regulation of Gfer, however, did not result in a significant loss of mitochondrial function (unpublished data). Overall these results indicate that KD of Gfer resulted in alteration of mitochondrial morphology without compromising overall cell survival.
Next we evaluated whether down-regulation of Gfer in KLS cells affected their ability to proliferate. To this end, equal numbers of LacZ, Gfer1, and Gfer2 KD KLS cells were grown in vitro in serumfree medium containing stem cell factor (SCF) and Flt3 ligand for 8 d. Comparison of the KLS profiles of these cells at days 0 and 6 of the in vitro proliferation assay revealed that differentiation occurred at a similar rate in LacZ and Gfer KD cells (Supplemental Figure 2A) . Surprisingly, down-regulation of Gfer expression resulted in significantly enhanced proliferation in vitro, such that by day 4, there were twice as many Gfer-KD as there were LacZ-KD cells ( Figure 2C ). Furthermore, by day 6, there were 2-to 2.5-fold higher numbers of Gfer KD than LacZ-KD cells in culture, respectively ( Figure 2C ). In contrast, by day 8, the majority of the Gfer1/2-KD cells underwent exhaustion ( Figure 2C and Supplemental Figure 2B ). We additionally verified that down-regulation of Gfer was similar in Gfer-KD cells at days 0 and 6 in culture (unpublished data). Increased proliferation followed by loss of function has been observed in ataxia-telangiectasia mutated (Atm −/-) and Foxo3a −/-HSCs, where diminished quiescence is accompanied by elevated reactive oxygen species (ROS) (Ito et al., 2006; Miyamoto et al., 2007) . To evaluate whether partner Mia-40, it forms a critical disulfide redox system instrumental in the import of small proteins, such as cytochrome c into the mitochondrial intermembrane space (IMS) (Becher et al., 1999; Lange et al., 2001; Lisowsky et al., 2001; Mesecke et al., 2005) . In higher eukaryotes, Gfer and its homologues play roles in tissue regeneration (Klissenbauer et al., 2002; Klebes et al., 2005; Gatzidou et al., 2006) . Gfer maps within the stem cell-rich t-haplotype region of mouse chromosome 17 and is highly enriched in embryonic and adult stem cells (Polimeno et al., 1999; Ivanova et al., 2002; Ramalho-Santos et al., 2002) . In pluripotent mouse embryonic stem cells (ESCs), Gfer plays a specific, prosurvival role by regulating mitochondrial fissionfusion balance through its modulation of the key fission GTPase, Drp1 (Todd et al., 2010a (Todd et al., , 2010b . In multipotent HSCs, quantitative trait loci mapping studies aimed at uncovering regulatory pathways that affect cell function predicted Gfer to be important in proliferation and cell turnover (Bystrykh et al., 2005) . Its involvement in HSC proliferation and/or function, however, has yet to be verified.
We used gene knockdown (KD) and overexpression approaches to evaluate the precise role of Gfer in murine HSCs. We report herein that short hairpin (sh) RNA-mediated KD of Gfer in cKit
− (KLS) cells (a population that include HSCs) compromises their ability to successfully engraft the bone marrow of lethally irradiated recipient mice. Although Gfer KD in KLS cells did not affect cell survival, it did result in an unexpected, enhanced proliferation response in vitro that was followed by exhaustion. Whereas KD of Gfer in KLS cells significantly reduced p27 kip1 , overexpression of Gfer enhanced the total and nuclear levels of this cell-cycle inhibitor. Further investigations of hematopoietic progenitor erythroid, myeloid and B-lymphoid (EML) cells revealed that Gfer interferes with the binding of p27 kip1 with its inhibitor jun activation binding protein 1 (Jab1), thus enhancing nuclear retention and/or stability of this cyclin-dependent kinase inhibitor (CDKI). Furthermore, restoration of normal p27 kip1 levels in Gfer-KD KLS cells resulted in restoration of normal proliferation in vitro. Thus, our cumulative results support a role for Gfer in the restriction of unwarranted HSC proliferation through its inhibition of Jab1-mediated turnover of p27 kip1 .
RESULTS

KD of Gfer expression in KLS cells significantly impairs in vivo function
To evaluate the biological function of Gfer in HSCs, we knocked down Gfer using a previously reported FG12-Lentivirus-green fluorescent protein (GFP)-shRNA system (Qin et al., 2003; Todd et al., 2010a) . KLS cells freshly isolated from wild-type (WT) mice were infected with Lenti-shRNA-GFP viruses containing Gfer1 (Gfer1-KD; targeting exon 2); Gfer2 (Gfer2-KD; targeting the 3′ untranslated region) and/or nonspecific LacZ (LacZ-KD) shRNAs. Uninfected WT KLS cells (WT-U), cultured similarly to the virus-infected cells, served as controls in these experiments. Approximately 72 h later, viable GFP − (WT-U) or GFP + virus-infected (LacZ-KD and Gfer-KD) KLS cells were reisolated and evaluated for Gfer expression. We achieved ∼72 and 57% KD of Gfer mRNA and protein using Gfer1 and 2 shRNAs, respectively (Figure 1, A and B).
To investigate whether down-regulation of Gfer in KLS cells affected their in vivo function, we performed competitive bone marrow (BM) transplantation by transplanting ∼10,000 CD45.2 WT-LacZ-KD, WT-Gfer-KD, and WT-U KLS cells along with 300,000 competing CD45.1 total bone marrow cells into cohorts of eight lethally irradiated CD45.1 recipient mice. We analyzed bone marrow cells from recipient mice 48 h after the transplant and confirmed that CD45.2-donor-derived cells from all genetic backgrounds "homed" to the of ubiquitin E3 complexes (Wei et al., 2008; Kato and Yoneda-Kato, 2009; Schwechheimer and Isono, 2010) . Jab1 binds to the cell-cycle inhibitor p27 kip1 through its C-terminal domain, coordinating nuclear export and subsequent proteasome-dependent degradation of this CDKI (Tomoda et al., 1999 (Tomoda et al., , 2002 ; and Jab1 is expressed in HSCs (Mori et al., 2008) .
We hypothesized that, in normal KLS cells, Gfer binds to and inactivates Jab1, resulting in stabilization of p27 kip and cell quiescence. To test this hypothesis, we first assessed p27 kip1 and Jab1 protein levels in LacZ and Gfer-KD KLS cells by fluorescence immunocytochemistry. Down-regulation of Gfer ( Figure 3 , vii and viii) resulted in a significant twofold reduction in overall (total and nuclear) p27 kip1 levels ( Figure 3 , i and ii), without significant alterations in Jab1 levels (Figure 3, iv and v; Supplemental Figure 3A ). Furthermore, treatment of Gfer-KD KLS cells with the proteasome inhibitor MG132 resulted in significantly increased nuclear and total p27 kip1 levels, consistent with its increased turnover in the absence of Gfer (Supplemental Figure 3B , i-iv). We then asked whether p27 kip1 and Jab1 levels were altered in KLS cells overexpressing Gfer. Murine stem cell virus (MSCV)-mediated overexpression of Gfer (Figure 3ix) an increase in oxidative stress in Gfer-KD cells triggers a hyperproliferative response, we measured ROS levels in LacZ-and Gfer-KD cells on days 6 and 8 of growth in culture using the redox-active fluorescent probe dihydrorhodamine 6G (dihydro-R6G) by flow cytometry. We did not observe significant differences in R6G fluorescence intensities between LacZ-and Gfer-KD cells on days 6 and 8 of proliferation in vitro ( Figure 2D ), indicating that the enhanced proliferation in Gfer-KD cells is not due to oxidative stress.
Gfer modulates total and nuclear levels of p27 kip1 in KLS cells
Our data suggest that KD of Gfer from KLS cells triggers enhanced cell proliferation that results in exhaustion and loss of in vivo function, but what might be the mechanism that elicits a hyperproliferative response in Gfer-KD KLS cells? Gfer directly interacts and colocalizes in the nucleus with Jab1, the 5 th subunit of the highly conserved COP9 signalosome (CSN) protein complex (Lu et al., 2002; Wang et al., 2004) . The CSN complex consists of a multisubunit protease that functions in the ubiquitin-proteasome pathway by directly regulating the activities of the cullin-RING ligase family -IP complexes was significantly higher in Gfer-KD EML cells, whereas it was almost abolished in p27 kip1 immunocomplexes from cells overexpressing Gfer (Figure 4 , Ci and Cii; Zhou et al., 2009) . Thus, raising the concentration of Gfer resulted in sequestration of Jab1, leaving less of this CSN subunit available for association with p27 kip1 and orchestration of its nuclear export and degradation.
Normalization of p27 kip1 levels rescues the enhanced proliferation deficit in Gfer-KD KLS cells
We next determined whether expression of p27 kip1 in Gfer-KD KLS cells would rescue their in vitro proliferation defects by using a modified MSCV-internal ribosome entry site (IRES)-yellow fluorescent protein (YFP) to achieve restoration, but not overexpression, of p27 kip1 in these cells (Supplemental Figure 3 , Bi, iii, and iv for p27 kip1 protein and 3Bvi for p27 kip1 mRNA). We also confirmed that infection of Gfer-KD KLS cells with MSCV-p27 kip1 -YFP did not cause enhanced differentiation and/or apoptosis (unpublished data). Normalization of p27 kip1 levels in Gfer-KD KLS cells to those found in control cells resulted in a rescue of the enhanced proliferation deficit in the mutant cells ( Figure 5A ). Moreover, Gfer-KD KLS cells resulted in a significant 1.6-fold increase in p27 kip1 , 85% of which was retained in the nucleus (Figure 3iii ), whereas total Jab1 protein levels did not change (Figure 3vi) . Conversely, levels of p21 cip1 , a member of the cip/kip-cell cycle inhibitor family with demonstrated roles in HSC quiescence (Cheng et al., 2000b) , did not change when Gfer was down-regulated or overexpressed (Supplemental Figure  4) . Altogether these results indicate that Gfer expression significantly modulates total and nuclear p27 kip1 in KLS cells.
Gfer binds to Jab1 and inhibits its destabilization of p27 kip1
Testing the hypothesis that Gfer regulates p27 kip1 levels via its interaction with Jab1 would require traditional biochemical techniques, such as immunoprecipitation (IP) followed by SDS-PAGE and immunoblot analyses of the precipitates. Such tasks, however, are impractical to accomplish in HSCs because of their rarity. HSCs constitute only 0.01% of total bone marrow, amounting to an approximate yield of 10,000 cells per mouse. Moreover, being small (average diameter of 4 µm), and largely quiescent, HSCs possess a limited amount of protein (Viatour et al., 2008; Wilson et al., 2008) . Hence we turned to the hematopoietic progenitor EML1 cell line (Tsai et al., 1994) to study the mechanism of regulation of p27 kip1 stability by Gfer. First, we performed KD and overexpression of Gfer in EML cells using the previously mentioned FG12 Lentivirus and MSCV systems (Figure 4 , Ai and Aii). Overexpression of Gfer increased p27 kip1 , and its KD decreased the levels of the CDKI, without a significant alteration of Jab1 levels (Figure 4 , Ai and Aii). We then analyzed Jab1-IP complexes from these EML cells for the presence of Gfer and p27 netic, and mitochondrial stability (Wilson and Trumpp, 2006) . Consequently, loss of quiescence in long-term repopulating HSCs results in their exhaustion and/or loss of function. Genes that execute the fundamental task of restricting unwarranted HSC proliferation thus play important roles in the maintenance of their function during homeostasis and periods of hematological stress. In this study, we show that the highly conserved sulfhydryl oxidase Gfer performs a novel, fundamental role in the restriction of HSC proliferation through its modulation of Jab1-mediated turnover of the key cellcycle inhibitor, p27 kip1 . KD of Gfer from KLS cells results in a loss of cell quiescence and in vivo function. Gfer-KD cells display reduced p27 kip1 levels, whereas its overexpression significantly elevates p27 kip1 levels and enhances its nuclear retention. In hematopoietic EML cells, Gfer binds to the CSN subunit Jab1, preventing its association with p27 kip1 , thereby inhibiting Jab1-mediated nuclear export and increased turnover of this CDKI. Accordingly, restoration of p27 kip1 in KLS cells down-regulated for Gfer expression normalizes their in vitro proliferation kinetics, indicating a proquiescence role for the novel Gfer-Jab1-p27 kip1 pathway in HSCs. Indeed, decreased p27 kip1 correlates with the loss of HSC quiescence in Foxo3a −/-mice, underscoring a role for this CDKI in regulating HSC proliferation (Miyamoto et al., 2007) . Unlike Gfer-KD KLS cells, however, HSCs from p27 kip1 -null mice did not undergo abnormal proliferation (Cheng et al., 2000a) . Enhanced p21 cip1 levels restricted unwanted proliferation in p27 kip1 -null HSCs, whereas the levels of p21 cip1 did not increase in Gfer-KD KLS cells. In contrast, this discrepancy could be due to genetic differences, as our HSCs were derived from C57BL/6 mice, whereas the p27 kip1 -null mice were generated in the SV129 background.
Besides its predominant localization in the IMS of mitochondria, Gfer is also present in the cytoplasm and nucleus; and a nonmitochondrial activity is associated with its role in spermatogenesis (Klissenbauer et al., 2002) . The mitochondrial morphology in KLS cells down-regulated for or overexpressing Gfer was not nearly as dramatic as that observed in ESCs. We also did not observe loss of mitochondrial membrane potential, elevation of intracellular ROS, or decrease in cell viability in Gfer-KD KLS cells. Our data strongly suggest that the nuclear function of Gfer, inhibiting Jab1 and stabilizing p27 kip1 to restrict proliferation, is the most important one in HSCs. In fact, Gfer binds Jab1 through its divergent N-terminal domain, as opposed to the highly conserved FAD domain (Wang et al., 2004) . In contrast, in ESCs, the mitochondrial function of Gfer is the most relevant as its down-regulation resulted in extensive mitochondrial fragmentation and apoptosis (Todd et al., 2010a) , indicating that the role of Gfer in maintaining mitochondrial integrity may be associated with the more primitive status of the ESCs. Furthermore, Gfer is largely dispensable for maintenance of mitochondrial expressing MSCV-p27 kip1 -YFP did not undergo exhaustion by day 8 of the proliferation assay, suggesting that enhanced proliferation by the mutant cells may have caused their exhaustion and, perhaps, loss of in vivo function. Furthermore, whereas overexpression of Gfer did not alter the in vitro doubling time of KLS cells ( Figure 5A ), it did cause increased differentiation (Supplemental Figure 5A) . Furthermore, MSCV-Gfer KLS cells possessed enlarged, mostly round or oval, mitochondria (Supplemental Figure 5B) , indicating that the altered mitochondrial morphology may partially contribute to the enhanced differentiation of these cells (Mantel et al., 2010) . Nevertheless, our cumulative data suggest that, in normal HSCs, Gfer acts to counter Jab1-mediated nuclear export and destabilization of the CDKI p27 kip1 , by directly binding to and sequestering the CSN subunit ( Figure 5B ). Through this mechanism, Gfer promotes quiescence in HSCs, thus playing a critical role in maintaining the functional integrity of these important cells.
DISCUSSION
HSC quiescence, tightly regulated by various intrinsic and extrinsic mechanisms, ensures the maintenance of long-term genetic, epige-FIGURE 3: Gfer expression modulates total and nuclear p27 kip1 in KLS cells. Digital optical section (Apotome; 630×) immunocytochemistry images depicting p27 kip1 (i-iii), Jab1 (iv-vi), and Gfer (vii-ix) levels in LacZ and Gfer KD and MSCV-Gfer KLS cells. Protein levels were detected by probing with secondary antibodies conjugated to Cy3 (red) fluorophore. DAPI is shown in blue, and average signal intensities ± SD calculated from at least 250 cells from five independent experiments are indicated in green. *p < 0.05. Jab1 significantly enhanced the proliferative potential of hematopoietic progenitors in mouse bone marrow (Mori et al., 2008) . Our data indicating a direct interaction of Gfer with Jab1 to restrict Jab1-mediated destabilization of p27 kip1 ( Figure 5B ) underscores the importance of a Gfer-Jab1-p27 kip1 pathway not only in the functional maintenance of normal HSCs, but also in the prevention and/or treatment of malignancies. Controlled modulation of Gfer expression to inhibit Jab1 and thereby elevate p27 kip1 could be a relevant therapeutic strategy in the treatment of CML and other myeloproliferative diseases. 
MATERIALS AND METHODS Mice
Isolation of KLS cells
Isolation of KLS cells from BM cells was performed as described previously (Morrison et al., 1997; DiMascio et al., 2007) . Briefly, BM cells devoid of red blood cells were first enriched for c-Kit by staining with CD117 antiboby-conjugated microbeads (Miltenyi Biotech, Bergisch Gladbach, Germany) followed by positive selection. The cKitenriched BM cells were further stained with propidium iodide (PI) and an antibody cocktail containing allophycocyanin (APC)-conjugated c-Kit (2B8), phycoerythrin (PE)-Cy5-conjugated Sca-1 (D7), and PE-conjugated lineage markers, including CD3e (145-2C11), CD4 (GK1.5), CD5 (53.7.8), CD8 (53.6.7), B220 or CD45R (6B2), Ter119 or Ly76, Mac1 or CD11b (M1/70), Gr1 (RB6-8C5), CD16/32 or FCγR Block (93), Flk2/Flt3/Ly72 (A2F100), and CD34 (RAM34) (all obtained from eBioscience, San Diego, CA). Viable (PI neg ) KLS cells that include long-and shortterm HSCs were sorted using a fluorescence-activated cell sorting (FACS) analysis (FACSVantage or FACSAria; BD Biosciences, San Jose, CA).
Virus production and infection of HSCs
FG12-Lenti-GFP-shRNA Gfer1/2 and LacZ viruses were produced as previously described using 293T cells (Qin et al., 2003; function and cell survival in more differentiated cells (Todd et al., 2010a) .
The multifunctional Jab1 modulates the stability of a plethora of cell regulatory proteins. Although it stabilizes c-jun, hypoxia-inducible factor 1α subunit, and mdm-2, Jab1 also directly promotes the nuclear export of several key regulators of cellular homeostasis, including p53 and p27 kip1 (Wei et al., 2008; Kato and Yoneda-Kato, 2009; Schwechheimer and Isono, 2010) . Highly elevated Jab1 and low or cytoplasmic p27 kip1 are indicators of poor prognosis in multiple types of cancers, including chronic myeloid leukemia (CML) (Tomoda et al., 2005) . Transgenic expression of a stable form of , and ubiquitin levels in p27-IP complexes from three experiments; *p < 0.05. sample genotype. Uninfected KLS cells or GFP + -Lenti-Gfer or LacZ shRNA virus-infected KLS cells were FACS resorted, as mentioned earlier in the text, after 72 h in culture. Approximately 10,000 donor cells (all CD45.2) were retro-orbitally injected into groups of 8 recipient mice along with 300,000 rescuing CD45.1 Sca1-depleted total BM cells. We used a high number of donor cells (10,000) to initiate the transplant to ensure successful engraftment by GFPLentivirus-infected KLS cells. Transplant recipients were monitored daily and were maintained on antibiotic water. Mice that received transplants were bled at 3, 9, 12, 15, and 19 wk posttransplant to determine the percentage of chimerism and reconstitution. Donor and host cells were distinguished by allelic expression of CD45.2/ CD45.1. At 15 wk posttransplant, Lineage − CD45.2 + cells from total BM pooled from three transplant recipients in each class were isolated for analysis of Gfer mRNA levels.
In vitro proliferation assays of KLS cells 
Apoptosis assays
On days 0, 6, and 8 of in vitro culture, cells from all wells of an extra Terasaki plate were pooled. Staining for Annexin V/7-AAD on KLS cells was performed using the Annexin V-APC Apoptosis Detection Kit I (BD Biosciences), following the manufacturer's suggested protocol. Harvested cells were washed twice in cold phosphate-buffered saline (PBS) and suspended in 1× Annexin V Binding Buffer (part of the kit) at a concentration of 1 × 10 6 cells/ml. Samples were then analyzed within 1 h by flow cytometry using BD FACSVantage (BD Biosciences).
ROS detection assays
On days 0, 6, and 8 of in vitro culture, cells originally plated at a density of 5000 cells per well in a 96-well plate were harvested and loaded with 5 µM dihydro-R6G (Molecular Probes, Invitrogen) in Hank's balanced salt solution (HBSS) for 45 min under normal growth conditions. Cells were then washed, resuspended in fresh HBSS, and analyzed by flow cytometry using BD FACScan. Intracellular oxidation of this nonfluorescent dye yields the fluorescent, oxidized R6G, which localizes to the mitochondria.
Immunocytochemistry of HSCs
Immunocytochemistry of cytospun and PFA-fixed GFP + or YFP + virus-infected KLS cells was done as described previously (Kitsos et al., 2005) using anti-p27 kip1 , anti-p21 cip1 , anti-Jab1 (all 1:100, Rabbit polyclonal; Santa Cruz Biotechnology, Santa Cruz, CA) and anti-Gfer (1:100, rabbit polyclonal; PTG Labs, Chicago, IL) primary antibodies. Cy3-conjugated secondary antibody (Jackson ImmunoResearch, West Grove, PA) was used, and samples were mounted using VECTASHIELD Mounting Medium with DAPI (4',6-diamidino-2-phenylindole) (Vector Laboratories, Burlingame, 2010a). Mouse Gfer and p27 kip1 cDNA constructs were obtained from Open Biosystems (Huntsville, AL), PCR amplified, and cloned into MSCV-IRES-GFP or MSCV-IRES-YFP vectors. Retrovirus production was performed as previously described (Kitsos et al., 2005) . Approximately 30,000 freshly isolated KLS cells were sorted per well into a 96-well, U-bottom plate (BD Biosciences) in the presence of X-vivo-15 (Cambrex, Walkersville, MD) medium supplemented with 2% fetal bovine serum, 30 ng/ml SCF, 30 ng/ml Flt-3 ligand, and 50 µM 2-mercaptoethanol. The cells were then infected with the appropriate Lenti-or retroviruses at a multiplicity of infection (MOI) of 5:1 along with 4 µg/ml Polybrene (Sigma Aldrich, St. Louis, MO). Viable (PI neg ) GFP-and/or YFP-positive cells that were also positive for cKit and Sca1 and negative for Lineage markers (GFP/YFP + KLS) were resorted for appropriate experiments after 72 h of infection (see Supplemental Figure 2A , left panel). Uninfected control cells were cultured for 72 h as well and sorted for positive expression of cKit and Sca1 and negative for Lineage markers.
In vivo HSC functional assays (Taconic Farms) were lethally irradiated with 9.5 Gy using a cesium irradiator 24 h before the transplant. We used six to eight recipient mice per , which then blocks the ability of G1 cyclin-Cdk complexes to organize the progression of the cell cycle.
kip1 in HSCs | 1319 CA). Cells were observed using a fluorescence Axio Observer Z1 microscope with ApoTome assembly (Carl Zeiss, Thornwood, NY), and digital optical slice images were captured at 630× magnification. The signal intensities were calculated using AxioVision 2.0 software (Carl Zeiss) and analyzed on a Microsoft Excel (Redmond, WA) spreadsheet. For relevant experiments, KLS cells were treated for 1 h with 10 µM MG132 (Calbiochem, EMD Chemicals, Gibbstown, NJ), cytospun immediately thereafter, and fixed in 1% PFA for immunocytochemistry.
IP and immunoblot assays
Approximately 2 million EML cells were infected with MSCV-C, MSCV-Gfer, FG12 LacZ, and/or FG12 Gfer viruses and sorted for GFP expression 72 h later. Equal numbers of cells were lysed with Tween lysis buffer (Sankar et al., 2004) , sonicated, and precleared with protein A sepharose (GE Healthcare, Piscataway, NJ). Approximately 500 µg of whole-cell lysates were incubated with anti-p27 kip1 or anti-Jab1 antibodies (both mouse monoclonal; Santa Cruz Biotechnology) for 2 h at 4°C, and the IP complexes were captured using protein A Sepharose beads. The IP complexes were separated on SDS-PAGE and transferred to Immobilon polyvinylidine fluoride membrane (Millipore). Immunoblots were subsequently probed with rabbit polyclonal antibodies against p27 kip1 , Jab1, ubiquitin (all obtained from Santa Cruz Biotechnology), and Gfer (PTG Labs). Signal intensities of bands were quantified using ImageQuant Capture Software (GE Healthcare) and analyzed using spread sheets.
Real-time reverse transcriptase PCR analysis
Total RNA was prepared from isolated HSCs using the RNAqueousMicro and RNAqueous kits, respectively (Ambion, Austin, TX), according to the manufacturer's instructions. The first-strand cDNA was prepared using SuperScript III Reverse Transcriptase (Invitrogen) or High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA), according to the manufacturer's directions. Quantitative real-time PCR-based gene expression analysis was performed using IQ SYBR Green Supermix (BioRad Laboratories, Hercules CA) with the respective primers, and the reactions were performed using an IQ5 I-Cycler System (BioRad Laboratories). Gfer and actin primer sequences were previously mentioned (Todd et al., 2010a) .
Electron microscopy
Approximately 20,000 freshly resorted KLS cells were washed with PBS and pelleted. This cell pellet was then fixed in 3% glutaraldehyde in 0.1 M sodium cacodylate overnight at 4°C and post fixed in 1% osmium tetroxide in 0.1 M sodium cacodylate for 1 h. Cells were briefly rinsed with 0.1 M sodium cacodylate and then dehydrated using a series of graded alcohols embedded in LX-112 epoxy resin (Ladd Research Industries, Burlington, VT), and ∼8 µm sections were cut on an LKB microtome (LKB Instruments, Gaithersburg, MD). Sections were then stained using uradyl acetate and lead citrate before viewing on a Phillips CM12 electron microscope (Phillips Electronic Instruments, Mahwah, NJ) equipped with a digital camera.
